The presence of alkyl ether fuel oxygenates in drinking water supplies has raised public health concerns because of possible adverse health effects from chronic exposure to these compounds. To enable large exposure studies exploring possible relationships between chronic exposure to alkyl ether fuel oxygenates and health effects, we developed an improved analytical method, using headspace solid-phase microextraction coupled with capillary gas chromatography and mass spectrometry. This method quantifies trace levels of methyl tertiary-butyl ether, ethyl tertiary-butyl ether, di-isopropyl ether, and tertiary-amyl methyl ether in tap water. The method achieves detection limits of less than 0.025 µg/L for all analytes and linear ranges of three orders of magnitude in the measurement of the alkyl ether fuel oxygenates in 5-mL tap water samples. The relative percentage of recoveries of the alkyl ether fuel oxygenates ranged from 97% to 105%. The relative standard deviation ranged from 2% to 6%. Methyl tertiary-butyl ether was detected in samples of tap water taken from geographically diverse regions of the United States. The improved throughput and sensitivity of this method will enable large epidemiologic field studies of the prevalence and magnitude of exposure to alkyl ether fuel oxygenates in the general population.
Introduction
The use of fuel oxygenates was mandated by the Clean Air Act Amendments of 1990. The alkyl ether fuel oxygenates methyl tertiary-butyl ether (MTBE), ethyl tertiary-butyl ether (ETBE), di-isopropyl ether (DIPE), and tertiary-amyl methyl ether (TAME) can all be used to meet the requirement for adding oxygen to gasoline, as required by these regulations. To comply with this mandate, petroleum production companies initially selected MTBE over the other alkyl ether fuel oxygenates because MTBE was readily available, had a high octane number, and could be easily blended with gasoline. Over a period of 28 years, 1970-1998, chemical manufacturers produced 60 million metric tons of MTBE (1) to meet this need. In 1988, almost 80% of all gasoline contained MTBE (1) . The large quantities of MTBE produced in the United States, its widespread use in gasoline, and its solubility in water has resulted in the contamination of both surface and groundwater sources of drinking water (1) . MTBE contamination is particularly widespread in the state of California, where it was reported that 40 public drinking water wells, 18 major reservoirs, and approximately 10,000 shallow wells have MTBE contamination in excess of 10 parts per billion (ppb) (3) . Surface water clears contamination of MTBE and other alkyl ether fuel oxygenates more quickly through evaporation, mixing, diffusion, and aeration. In contrast, the contamination of ground water by MTBE and other alkyl ether fuel oxygenates is a greater problem because these ethers resist biodegradation and are not retained by the consolidated material comprising various aquifers. The result is that the alkyl ether fuel oxygenates move more rapidly through an aquifer (4) than do other fuel components, and these oxygenates remain at higher levels for longer periods of time than would be the case with surface water contamination. Consequently, a phase-out of alkyl ether fuel oxygenates will not result in an immediate drop in alkyl ether fuel oxygenate levels in ground water. Hence, monitoring for alkyl ether fuel oxygenates, especially MTBE, will need to continue for many years.
Public water supply systems that use ground water as the primary water source supply approximately 91 million people in the United States (5) , and the possibility of exposure to MTBE contamination is of public health concern. Additionally, MTBE has very low thresholds for taste and odor, rendering many private and some public wells unusable for drinking. Because of these low thresholds, the Environmental Protection Agency (EPA) has issued a drinking water advisory that recommends MTBE concentrations below 20-40 µg/L to minimize taste and odor prob-lems (6) . In 1998-2002 (2), the U.S. Geological Survey completed a survey on the occurrence of MTBE and other fuel oxygenates in untreated ground-and surface-water sources that are available for use by community water systems. This national survey found MTBE contamination in 36 states, primarily in areas with high population density. Contamination by ETBE, DIPE, and TAME was also found, but at much lower concentrations and prevalence than MTBE. The U.S. Geological Survey tested ground water samples from geographically diverse locations in the United States and found detectable DIPE and TAME (≥ 2 µg/L) in < 1% of the approximately 2,300 samples tested. The EPA continues to require that drinking water purification systems monitor for the presence of MTBE, and the agency continues to assess the possible long term health consequences of low-level MTBE exposure through tap water consumption. Currently, five states that account for approximately 45% of MTBE-blended gasoline used in the United States (7) have decided to switch from MTBE to other fuel oxygenates (e.g., ethanol). Despite the phase-out of MTBE, continued exposure as a result of the persistence of this alkyl ether in ground water necessitates analytical methods for measuring MTBE and possible replacement fuel oxygenates.
Our research group has developed a method to assess human exposure to alkyl ether fuel oxygenates by measuring these compounds in whole human blood (8) . In order to facilitate studies that compare alkyl ether fuel oxygenate exposure in tap water to the levels found in whole human blood, we needed a high throughput and robust method with good sensitivity. Because our epidemiological studies require hundreds or thousands of samples to be analyzed over a time frame of years, we also wanted to investigate long-term stability of the alkyl ether fuel oxygenate standards and quality control (QC) material.
A search of the literature revealed a number of possible methods for the analysis of fuel oxygenates in water. EPA methods 502 (9), 524 (10), and 551(11) are used for regulatory purposes for the analysis of volatile compounds in water. However, EPA methods 502 and 524 use the purge-and-trap technique, which requires a larger sample volume then our method. EPA method 551 uses liquid-liquid extraction with MTBE as the recommended primary extraction solvent. However, pentane can be substituted. These three methods have limited sample throughput. EPA method 5021 (12) uses static headspace extraction and has been applied for the anlysis of fuel oxygenates in water (13) , but also lacks adequate sample throughput. Another approach to the analysis of fuel oxygenates is direct aqueous injection gas chromatography mass spectrometry (DAI-GC-MS) (14) . This method has MTBE detection limits of < 0.2 µg/L, which is 8 times higher then our method. The run time of 32 min is twice the run time of our method and would also limit the sample throughput needed for our studies. Solidphase microextraction (SPME) has been used very successfully for the analysis of fuel oxygenates. Cassada et al. (15) manually analyzed all four alkyl fuel oxygenate ethers by using immersion SPME. However, this method was less robust because of the frequent breakage of SPME fibers. Dewsbury et al. (16) developed an automated headspace method for MTBE and TAME, but the method had inadequate throughput (cycle time 55 min) for analysis of large numbers of samples. In response to this recognized need, we developed a robust, fast, and sensitive method to help assess human exposure to alkyl ether fuel oxygenates.
Experimental Materials
Methanol, purge and trap (P&T) grade, was purchased from Burdick and Jackson (Muskegon, MI) and used in the preparation of all standards and in rinsing glassware. Luer-Lok, 18-gauge, stainless steel needles were purchased from Becton-Dickinson (Franklin Lakes, NJ). Beveled-top headspace vials (10-mL, serum type) were obtained from Worldwide Glass (Norma, NJ). Thick septa (20-mm, Teflon-faced/silicone) integrated with magnetic cap seals (aluminum, open-center) were purchased from Integrated Liner Technologies (Albany, NY). The vials and septa were treated to remove residual contaminants as per Cardinali et al. (17) .
Standards
MTBE, ETBE, DIPE, and TAME were purchased as neat compounds (> 99%, Supelco) and received in flame-sealed ampoules. All compounds were stored at −20°C to minimize degradation. The stable isotope-labeled analog MTBE ( 2 H 12 ) (> 99% chemical and isotopic purity, Cambridge Isotope Labs, Andover, MA), ETBE ( 13 C 3 ), and TAME ( 13 C 3 ) (>99% isotopic purity, ISOTEC, Miamisburg, OH) were purchased as neat compounds in flamesealed ampoules and stored at −20°C. The chemical purity was 95% and 97% for ETBE ( 13 C 3 ) and TAME ( 13 C 3 ), respectively. A stable isotope of DIPE was not available from a commercial source.
Intermediate stock solution concentrations for the standards and labeled analogs were prepared from neat chemicals and diluted with P&T-grade methanol. These stock solutions were aliquoted into glass ampoules, flame-sealed, and stored at -70°C. On the day of use, ampoules of the stock solutions of standards were equilibrated to room temperature. Daily calibration standards were generated by further dilution in heliumsparged-distilled water (18) . Solutions of labeled analogs were prepared by further dilution with P&T-grade methanol. Subsequently, 40.0 µL of this final labeled-standard stock solution was added to each blank, standard, unknown, or QC sample being analyzed. Positive displacement pipettors and glass capillary tips were used for all liquid transfers in the microliter range (19) .
Water collection vial preparation
The preparation, treatment, and collection procedures used with the Borosilicate glass vials (12-mL, screw cap, Wheaton, Millville, NJ) have been published previously (17) .
Water sample collection and storage
The collection procedures for tap water samples have been published previously (17) . After collection, the tap water samples were placed in a refrigerator and stored there until shipment to the laboratory.
The amount of air in each water sample was evaluated upon the sample's arrival in the laboratory. A properly collected sample had minimal headspace into which the alkyl ether fuel oxygenates could partition. A previous study by Cardinali et al. (17) showed that air bubbles of up to 2 mL did not lead to significant loss of MTBE (≤ 5%). Because of analyte loss into larger headspace volumes, samples with air bubbles > 2 mL were discarded.
Water sample analysis
The chilled (8-10°C) tap water sample vials were removed from the refrigerator and equilibrated to room temperature before analysis. Immediately after removing the vial cap, we aliquoted the water (5.0 mL) by using a pre-cleaned gas-tight syringe (5-mL, glass, SGE Inc., Austin, TX) and transferred it into a 10-mL beveled SPME headspace vial. Labeled-analog solution (40.0 µL) was added to the sample, using a positive displacement pipettor (VWR Scientific, Westchester, PA), and the SPME vial immediately was crimp-sealed by use of a thick Teflon-lined septum. The same procedure was applied to blanks, standards, and QC samples. Samples were prepared and analyzed in daily batches of unknowns, 6 calibrators, 2 QC samples, and one blank.
Instrumentation
The high-throughput SPME-GC-MS method was developed on a ThermoFinnigan DSQMS (ThermoFinnigan, Austin, TX) attached to a GC Ultra gas chromatograph equipped with a split/splitless injector, which was operated in the splitless-withsurge mode. The surge pressure was 241 kPa for a duration of 2 min. A 0.75-mm i.d. SPME injection port liner was used. A cryotrap (model 961, Scientific Instrument Services, Ringoes, NJ) attached to the bottom of the injector port was used to cryofocus the volatile compounds at the head of the GC column. With liquid nitrogen as the coolant, the cryo-trap was maintained at −60°C for the first 1 min of analysis. Then the trap was heated ballistically to 200°C to begin chromatographic separation on a VRX capillary column (30-m × 0.25-mm i.d. × 1.4-µm film, Restek, Bellefonte, PA). The GC oven was equipped with a liquid nitrogen coolant valve to enable a subambient initial oven temperature (0°C). A constant flow of 1.0 mL/min was maintained by use of helium (Research grade, 99.9999%, Airgas South, Atlanta, GA) as the carrier gas. The GC was held at an initial temperature of 0°C, followed by a linear thermal gradient of 30°C/min to 100°C, then 50°C/min to 200°C and held for 2 min. Automated headspace sampling was done by using a CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland) equipped with a 75-µm Carboxen-polydimethylsiloxane (PDMS) SPME fiber assembly (Supelco, Bellefonte, PA). Before each sample set was analyzed, the Carboxen-PDMS fiber was preconditioned as per Cardinali et al (17) . After preparation, samples were queued in a Peltier cooled rack (15 ± 1°C) before analysis. We began sample analysis by moving the active sample to a heated agitator station (50°C). Following pre-incubation (10 s), the SPME fiber was inserted into the vial headspace and the sample was extracted for 5 min at 500 rpm. The extraction time of 5 min was adequate for good signal-to-noise ratio; it avoided the excessive water vapor suppression of MTBE (17) . The labeled internal standards added to the samples compensate for the non-equilibrium extraction time used in our method. The fiber was promptly desorbed by insertion into the hot GC inlet (220°C). The SPME fiber remained in the GC inlet for the remainder of the GC analysis run to ensure complete analyte desorption and to minimize contamination from laboratory air.
The mass spectrometer was equipped with an electron-impact source and operated in the selected ion monitoring (SIM) mode (Table I) . As each analyte eluted from the GC column, the mass spectrometer measured three ions: one each for quantitation, confirmation, and the stable isotope-labeled internal standard. Quantitation ions were selected as the most abundant ion in the mass spectrum that did not compromise the specificity of the analysis. We determined the retention time for each compound by analyzing known standards in full-scan mode and adjusting the SIM windows accordingly. Cycle time per sample was 15 min.
Quantitation
Xcalibur Quan software (ThermoFinnigan) was used for peak integration, calibration, and quantitation. Peak integrations were performed with the interactive chemical information system (ICIS) integrator software and confirmed by visual inspection. Relative response factors were calculated on the basis of relative peak areas of the analyte-quantification ion and the labeled-analog ion. The data from the set of six calibrators analyzed with each set of samples were processed by using 1/x weighing and linear calibration to generate the calibration curve for that day. These calibration curves were linear (r 2 ≥ 0.99), spanning three orders of magnitude as shown in Table II . Calibration curves were adjusted for ion cross-contamination between native analyte and isotopic analog according to Colby and McCaman (20) . The limit of detection (LOD) was calculated as 3 times the standard deviation at zero concentration (3S 0 ) (21) . If 3S 0 was less than the lowest standard, then the lowest standard served as the lowest reported value. The lowest reported value for each of the four alkyl ether fuel oxygenates varied from 0.025 µg/L to 0.026 µg/L as shown in Table II .
Quality assurance
Data were subjected to rigorous quality assurance (QA) procedures by use of a custom laboratory information management system constructed in Microsoft Access. Before analysis of samples, the mass spectrometer was tuned against perfluorotri-Nbutylamine (PFTBA) calibration gas, using the autotune function to ensure proper mass calibration. Contamination was evaluated both qualitatively and quantitatively. Laboratory air was extracted by using SPME for 5 min, then desorbed into the GC-MS as described above. The resulting chromatograms were qualitatively reviewed for the presence of gross contamination of MTBE, DIPE, ETBE, and TAME. The analysis of a water sample free of alkyl ether fuel oxygenates was used to quantify any trace contamination of the analytes. Following sample analysis and the visual inspection of every integrated peak, additional QA parameters were evaluated. Adequate labeled analog response was evaluated on the basis of absolute peak area signal as well as signal-to-noise ratio. We further evaluated the identity of the analyte ion by comparing the confirmation ion/quantification ion ratio in unknown samples with that for reference standards.
Each batch of data also was judged against blind QC samples.
QC samples
Two QC samples were processed and analyzed with each batch of samples. We prepared these aqueous samples from concentrated standards made with P&T-grade methanol. The low QC concentrations were: MTBE, 3.19 µg/L; DIPE, 3.12 µg/L; ETBE, 3.27 µg/L; and TAME, 3.11 µg/L. The high QC concentrations were: MTBE, 31.92 µg/L; DIPE, 31.28 µg/L; ETBE, 32.71 µg/L and TAME, 31.13 µg/L. The low and high QCs had been prepared previously by weighing neat material into volumetric flasks containing P&T-grade methanol and storing them at -70°C as aliquots in flame-sealed glass ampoules. On the day of use, we further diluted these stock solutions in helium-sparged, distilled water, and the resulting material was sampled as though it were an unknown. Two QC pools were prepared (high and low levels) and characterized by 15 separate determinations. Blind QC samples were evaluated by an independent QC officer according to Westgard QC rules (22) . If a QC sample exceeded QC limits for an analyte, then all results for that analyte on that day were rejected.
Contamination control and blank analysis
Of the four alkyl ether fuel oxygenates, MTBE can be the most ubiquitous in a typical laboratory, depending on the nature of the work being carried out. Therefore, rigorous techniques are required to minimize laboratory air contamination of the MTBE samples. Potential sources of contamination include common household cleaning products, laboratory solvent usage, and oxygenated fuel usage. MTBE from these sources and others can spread through laboratory air to contaminate the samples during preparation or the SPME fiber during analysis. Contamination was minimized by removing possible external sources of alkyl ether fuel oxygenates from the laboratories where samples were prepared and analyzed. MTBE contamination of water samples can also occur if the water samples come in contact with items made of polypropylene (e.g., pipette tips or containers) (17) . To prevent contamination from polypropylene, only borosilicate glass containers and pipette tips were used. Another source of possible MTBE contamination is the septa used to seal the SPME vials (23) ; the curing agent used to make some brands of septa generates MTBE as a by-product. Therefore, we prescreened all septa to avoid this problem.
A blank water sample was used to test for contamination. Blank water was prepared by helium sparging, distillation, and storage in 125-mL brown glass bottles sealed with a Teflon-lined screw cap. On the day of use, a 5 mL aliquot of blank water was removed, spiked with labeled analog, and analyzed with each batch of unknowns. If the blank contained analyte levels of at least half of the LOD, then the analytical run was flagged as contaminated. Additionally, an SPME fiber sampling of laboratory air was analyzed to assess airborne contaminants qualitatively.
Results and Discussion
Method Validity Figure 1 shows GC traces of ETBE resulting from the analysis of a tap-water sample fortified with MTBE, DIPE, ETBE, and TAME. The quantification (m/z 59), confirmation (m/z 57), and labeled analog (m/z 89) ions of ETBE are well resolved from DIPE and potential interfering compounds. Because this analysis relies on a relatively short GC analysis run time and the elution of all four analytes within a 1-min window, the possibility of unknown co-eluting peaks had to be considered. Therefore, appropriate selection of the quantification, confirmation, and labeled analog ions was crucial. For example, the initial selection of m/z 87 as the quantification ion for ETBE produced erratic results. The problem was traced to chloroform, which co-elutes with ETBE. Chloroform forms in part-per-billion concentrations during water chlorination and fragments to produce an m/z 87 ion that can overwhelm the m/z 87 signal from part-per-trillion levels of ETBE. Substituting m/z 59 for the quantification ion and m/z 57 as the confirmation ion resolved this problem. We also analyzed a standard containing bromodichloromethane (BDCM), dibromochloromethane (DBCM), and bromoform, disinfection byproducts that are often found in chlorinated water. We used the same alkyl ether fuel oxygenates GC method. BDCM, DBCM, and bromoform all eluted after TAME and did not interfere. This excellent selectivity was also achieved for the other three fuel oxygenates; it resulted from the combination of a selective detector, chromatographic resolution, and a relatively simple matrix.
In order to prevent the on-going formation of trihalomethanes after water samples are collected for analysis, bufferquench solution is added to the sample-collection vials (17) . The use of buffer-quench solution to preserve water samples for the analysis of alkyl ether fuel oxygenates would not seem necessary because free chlorine does not attack these compounds. However, Diaz et al. reported (24) hydrolysis of alkyl ether fuel oxygenates under acidic conditions. Because the buffer-quench solution maintains the water samples at approximately pH 6.5, hydrolysis of the alkyl ether fuel oxygenates does not occur and sample integrity is maintained. In fact, we previously reported that MTBE in buffered tap water samples is stable for more than a year (17) .
We evaluated the suitability of the method for detecting alkyl ether fuel oxygenates in 16 tap water samples collected from 16 geographically diverse regions around the United States. MTBE was detected in these samples ranging from 0.09-0.25 µg/L. However, DIPE, ETBE, and TAME were not detected. These results are consistent with water data collected by the United States Geological Survey as part of the National Water-Quality Assessment (NAWQA) program. In this study of 2,300 US ground water samples, DIPE and TAME were detected in only 0.3% of samples and ETBE was not detected. The USGS NAWQA study used a method with an LOD of 0.2 µg/L (2), 8-fold higher than the LOD of the method we present here. Our method is also more sensitive than EPA method 524.2 (LOD = 1.2 µg/L) (25) and certainly adequate for measuring fuel oxygenate contamination above the minimal odor and taste thresholds for these compounds (10 µg/L). The method is also adequately sensitive to detect alkyl ethyl fuel oxygenates above the EPA's minimal drinking water advisory level of 20 µg/L (26). Thus, the LODs for the four fuel oxygenates listed in Table II are adequate to identify levels of public health concern. Assay precision was evaluated by analyzing QC samples of known composition (Table III) . The relative standard deviation (RSD) ranged from 3%-6% across the characterized levels of QC samples. Over a 15-day period, the RSD of the slope of the daily calibration curves ranged from 4.3% to 9.9%, depending on the analyte. As a measure of the accuracy of this method, we calculated the theoretical concentrations of the low and high QC samples based on the original weights, then compared these values to the mean QC concentrations determined by this method (Table III) . Relative percent recoveries ranged from 97% to 105%, demonstrating the ability of this method to generate valid data for alkyl fuel ether oxygenates in water.
To further validate this method, household tap-water samples were spiked with known amounts of the four alkyl ether fuel oxygenates and analyzed in triplicate on six different days. These tap water samples had an average residual free chlorine level of 0.8 ppm and a pH of 6 before buffer-quench solution was added. Table IV shows the results from these experiments. Recoveries varied from 87%-106%, with MTBE showing the lowest relative recovery in this experiment (87%). This result may be due to the use of a deuterated labeled internal standard for MTBE instead of the 13 C-labeled standard that was used for the other analytes. With deuterium labeling, the internal standard elutes before the native MTBE and may not always correct for differential ion suppression. This may be the cause of the negative percent differences between the expected and calculated standard values in tap water samples compared to standards analyzed in heliumsparged/distilled water.
Long term stability of calibration standards
Because exposure studies can extend for years, it is critical that the calibration standards, QC material, and labeled internal standards be stable for extended periods of time. To verify the stability of our standards over time, we analyzed solutions of alkyl ether fuel oxygenates that had been stored at -70°C for 6.5 years. These four different solutions had been flame-sealed in 1-mL borosilicate glass ampoules that contained MTBE, ETBE, DIPE, and TAME at concentrations ranging from 0.1 µg/L to 5 µg/L. The calibrators were analyzed in triplicate on two different days. The average percent differences between the theoretical values for the four calibrators and the calculated values were -7%, 5%, -12%, and 5% for MTBE, ETBE, DIPE and TAME, respectively. These results showed that the alkyl ether fuel oxygenates are stable when stored frozen for over 6 years. The ability to analyze samples, calibration standards, QC material, and labeled internal standards over extended periods of time will improve long-term exposure studies.
Because our method uses a simple water matrix and measures only volatile compounds, interferences should be minimal. However, other volatile components in high enough concentrations could cause ion suppression of the fuel oxygenates, resulting in false negatives, retention time shifts, or other detrimental effects on the analysis of these compounds. With the wide variation in environmental conditions under which surface or ground water can exist, quantitative validity of the method will need to be reassessed for new water sources.
Our method improves on existing alkyl ether fuel oxygenate methods by improving throughput and reducing sample handling, while maintaining sensitivity. This method will enable large epidemiologic field studies of the prevalence and magnitude of exposure to alkyl ether fuel oxygenates in the general population. 
